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Description 

METHOD AND APPARATUS FOR 
CONTROLLING OPERATION OF DUAL 
MODE HCCI ENGINES 

Background of Invention 
[0001] a . Field of Invention 

[0002] The invention relates generally to intake and exhaust sys- 
tems for engines, and, more particularly to the control of 
an intake and exhaust system for a dual mode HCCI en- 
gine, which provides superior intake temperature control 
and homogeneity for engine operation in SI and HCCI 
modes, as well as during transition between SI and HCCI 
modes and vice-versa. 

[0003] b. Description of Related Art 

[0004] Compared to conventional engines, homogeneous charge 
compression ignition (HCCI) engines potentially have high 
efficiency, very low emissions of oxides of nitrogen (NOx) 
and particulates, and relatively low cost. HCCI engines 



however generally operate over the same operating range, 
with regard to speed and torque, as conventional SI or 
diesel engines, for achieving the same vehicle perfor- 
mance. Because HCCI is limited by harsh combustion at 
higher torques, it is common for the engine to employ 
both SI and HCCI combustion mode technology. At 
medium torque, the engine can operate in HCCI mode to 
achieve high fuel efficiency and low NOx emissions. At 
higher torques however, the combustion mode of the en- 
gine is typically switched to SI mode. Hence, there exists a 
need to improve upon existing, or alternatively, develop 
new methods and mechanisms for optimal engine opera- 
tion in HCCI and SI modes, as well as during HCCI and SI 
combustion mode switching. 

[0005] For combustion in an HCCI engine with a limited com- 
pression ratio, the gas temperature when the piston is at 
top dead center (TDC) should be high enough (i.e. about 
1000 K) for autoignition. The high temperature may be 
realized by using higher compression ratio and/or higher 
charge temperature before compression. In general, the 
lower the torque, the higher the intake temperature 
should preferably be. 

[0006] For typical operation, the air-fuel mixture in a dual com- 



bustion engine in HCCI mode is diluted by air or by ex- 
haust gas recirculation (EGR) through the use of high in- 
take pressure (i.e. unthrottled operation at medium 
torque) to suppress NOx formation. In contrast, the intake 
temperature of a dual combustion engine in SI mode 
should preferably be low enough (i.e. close to ambient 
temperature) to avoid knocking, the compression ratio 
should be limited (i.e. CR<~11:1), and the air-fuel mix- 
ture should preferably be at, or close to, stoichiometric. 
Thus, when a dual combustion engine is switching from 
HCCI mode to SI mode, the inlet temperature should 
preferably decrease quickly and the intake pressure 
should preferably also decrease quickly to restrict the in- 
take airflow to form a stoichiometric mixture at a medium 
torque. 

[0007] Another concern with dual mode HCCI engines is in the 
heterogeneity of the temperature distribution in a cylin- 
der, which is known to affect the overall HCCI combustion 
rate. In HCCI mode, autoignition first starts at the hot re- 
gions within a cylinder, followed by autoignition in the 
cold regions. Thus, the overall combustion rate in a cylin- 
der can be decreased due to heterogeneity of the temper- 
ature distribution within a cylinder. 



[0008] | n addition to the heterogeneity of the temperature distri- 
bution in a cylinder, effective intake temperature control 
is also of importance in a dual combustion HCCI engine. 
For example, in order to promote spontaneous HCCI com- 
bustion, it is necessary to maintain the homogeneous air/ 
fuel mixture at a certain temperature so the active radicals 
will auto-ignite at the correct time in the cycle (i.e. proper 
combustion phasing). If the temperature is too high, the 
radicals can autoignite too early, creating excessive peak 
pressures, poor efficiency and other issues (i.e. engine 
damage). If the temperature is too low, the radicals may 
not combust at all, creating a misfire condition. Moreover, 
the required temperature varies with engine condition (i.e. 
speed, load, EGR, A/F ratio etc.). 

[0009] Accordingly, the intake/exhaust system for a dual-mode 
HCCI engine can be relatively complicated and can include 
several factors which can effect the performance thereof, 
as evidenced by the aforementioned discussion. 

[0010] Various related-art intake/exhaust systems for HCCI en- 
gines are known and disclosed, for example, in U.S. Patent 
Nos. 6,295,973 to Yang, assigned to the assignee of the 
present application, and 6,276,334 to Flynn, U.S. Patent 
Application No. 09/573,743, and SAE paper No. 



2002-01-0105, the respective disclosures of which are 
incorporated herein in their entirety by reference. 

[° 01 1 ] U.S. Patent No. 6,295,973 to Yang, for example, discloses 
an intake system for an HCCI engine, which proposes us- 
ing the waste thermal energy in the coolant and exhaust 
gases to heat the intake air and control the intake air 
temperature by mixing the heated and un-heated air 
streams with different mass ratios of the two air streams. 
U.S. Patent No. 6,276,334 to Flynn discloses that varying 
the opening and closing timing of intake valves can be 
used to advance or retard the combustion event as de- 
sired. One drawback with the invention of Flynn is that it 
requires the continuous varying of valve timing, which can 
be difficult to implement for the HCCI and SI combustion 
mode transition region. 

[0012] | n order to improve upon the intake/exhaust systems of 
dual combustion engines, related inventions have tested 
HCCI-SI dual-mode engines with negative valve overlap. 
In these tests however, the engine geometric compression 
ratio remains low (CR<~12:1), and the effective compres- 
sion ratio for both HCCI and SI combustion remains es- 
sentially unchanged. Further, the results from these tests 
are not directly applicable to engines with a high geomet- 



ric compression ratio (CR>~15:1). Additionally, currently 
available HCCI-SI dual-mode engines rely fully on the hot 
residuals for autoignition, hence include a large negative 
valve overlap, which should preferably be avoided or min- 
imized. 

[0013] Lastly, in pending Patent Application No. 09/573,743, 

which is co-owned by the Assignee herein and the disclo- 
sure of which is incorporated by reference, HCCI-SI dual- 
mode engine operation strategies and mechanisms based 
on variable cam timing (VCT) are proposed. For the inven- 
tion disclosed in Application No. 09/573,743, the cam 
phasing speed can be of importance during combustion 
mode transition. 

[0014] Based upon the aforementioned factors and concerns, 

there remains a need for a system for precisely controlling 
each cylinder's inlet air temperature and density in order 
to promote efficient and stable HCCI combustion, an in- 
take system/strategy that can control both the overall air- 
fuel charge temperature and heterogeneity of temperature 
distribution in a cylinder, as well as a system which can 
facilitate HCCI-SI combustion mode transition, the system 
being structurally and economically feasible to manufac- 
ture and install, and the system efficiently and reliably 



achieving the aforementioned requirements for the rela- 
tively complicated operation of a dual-mode HCCI engine. 
Summary of Invention 

[0015] The invention solves the problems and overcomes the 

drawbacks and deficiencies of prior art intake and exhaust 
systems by providing novel intake and exhaust systems 
for a dual mode HCCI engine, which provide superior in- 
take temperature and pressure control for engine opera- 
tion in SI and HCCI modes, as well as during transition be- 
tween SI and HCCI modes. 

[0016] Thus, exemplary aspects of the present invention are to 
provide a system for precisely controlling each cylinder's 
inlet air temperature and density in order to promote effi- 
cient and stable HCCI combustion, an intake system/ 
strategy that can control both the overall air-fuel charge 
temperature and the heterogeneity of temperature distri- 
bution in a cylinder, as well as a system which can facili- 
tate a HCCI-SI combustion mode transition. 

[0017] The invention achieves the aforementioned exemplary as- 
pects by providing an intake/exhaust system for a dual- 
mode homogeneous charge compression ignition (HCCI) 
engine operable in SI and HCCI modes. The system may 
include at least one cylinder including at least one intake 



valve and at least one exhaust valve, and at least one cam 
operatively connected to the intake and exhaust valves. In 
SI mode, the cam may operate the intake valve such that 
an intake cam movement event length is approximately 
280 to 320 cad. 

[0018] For the system described above, the engine may further 
include a piston disposed within the cylinder and includ- 
ing top dead center (TDC) and bottom dead center (BDC) 
positions. In SI mode, the system may include an intake 
valve closing time of approximately 90 to 120 cad after 
BDC using the extended intake cam movement event 
length of approximately 280 to 320 cad. In HCCI mode, 
the system may include an exhaust valve opening time of 
approximately 20 to 60 cad before BDC, and an intake 
valve closing time of approximately 20 to 50 cad after 
BDC. Moreover, in HCCI mode, the system may include 
exhaust and intake valve movement including no overlap, 
or alternatively, exhaust and intake valve movement in- 
cluding a negative valve overlap of less than approxi- 
mately 60 cad. 

[0019] The invention yet further provides an intake/exhaust sys- 
tem for a dual-mode homogeneous charge compression 
ignition (HCCI) engine operable in SI and HCCI modes. The 



system may include at least one cylinder including at least 
one intake valve and at least one exhaust valve, and at 
least one cam profile switching device operatively con- 
nected to at least one of the intake and exhaust valves. 
The system may further include at least one cold-air duct 
connected to the cylinder for supplying cold air to the 
cylinder upon opening of the intake valve and a cold-air 
throttle, at least one hot-air duct connected to the cylin- 
der for supplying heated air to the cylinder upon opening 
of the intake valve and a hot-air throttle, and at least one 
check valve connected between the cold and hot-air ducts 
for permitting flow of air between the ducts. 
[0020] For the system described above, the cam profile switching 
device may be a roller-roller two-step finger follower. The 
system may further include a first cam profile switching 
device operatively connected to a cold intake valve, and a 
second cam profile switching device operatively connected 
to at least two exhaust valves. The first cam profile 
switching device may switch an event length of the cold 
intake valve from approximately 280-320 cad to approxi- 
mately 150-210 cad, and the second cam profile switch- 
ing device may switch an event length of the exhaust 
valves from approximately 230-250 cad to approximately 



190-220 cad, for combustion mode transition from SI to 
HCCI mode, and vice-versa for combustion mode transi- 
tion from HCCI to SI mode. The first cam profile switching 
device may switch a normalized valve maximum lift of the 
cold intake valve from approximately 1 to approximately 
0.3-0.7, and the second cam profile switching device may 
switch a normalized valve maximum lift of the exhaust 
valves from approximately 1 to approximately 0.8-0.95, 
for combustion mode transition from SI to HCCI mode, 
and vice-versa for combustion mode transition from HCCI 
to SI mode. The first cam profile switching device may 
switch a valve opening time of the cold intake valve from 
approximately 0-15 cad to approximately -50-0 cad at 
top dead center, and the second cam profile switching de- 
vice may switch a valve opening time of the exhaust valves 
from approximately 50-70 cad to approximately 40-60 
cad at bottom dead center, for combustion mode transi- 
tion from SI to HCCI mode, and vice-versa for combustion 
mode transition from HCCI to SI mode. The first cam pro- 
file switching device may switch a valve closing time of 
the cold intake valve from approximately 95-125 cad to 
approximately 25-45 cad at bottom dead center, and the 
second cam profile switching device may switch a valve 



closing time of the exhaust valves from approximately 
0-20 cad to approximately -35-0 cad at top dead center, 
for combustion mode transition from SI to HCCI mode, 
and vice-versa for combustion mode transition from HCCI 
to SI mode. 

[0021] For the system described above, the system may further 
include first, second and third cam profile switching de- 
vices operatively connected to a cold intake valve, a hot 
intake valve and at least two exhaust valves, respectively. 
The second cam profile switching device may switch an 
event length of the hot intake valve from approximately 
170-210 cad to approximately less than 180 cad to begin 
combustion mode transition from SI to HCCI mode, and 
vice-versa to begin combustion mode transition from 
HCCI to SI mode. The first cam profile switching device 
may switch an event length of the cold intake valve from 
approximately 280-320 cad to approximately 150-210 
cad, the second cam profile switching device may switch 
an event length of the hot intake valve from approxi- 
mately less than 180 cad to approximately 170-210 cad, 
and the third cam profile switching device may switch an 
event length of the exhaust valves from approximately 
230-250 cad to approximately 190-220 cad, for combus- 



tion mode transition from SI to HCCI mode, and vice-versa 
for combustion mode transition from HCCI to SI mode. 

[0022] For the system described above, the second cam profile 

switching device may switch a normalized valve maximum 
lift of the hot intake valve from approximately 0.8-0.95 to 
approximately less than 0.2 to begin combustion mode 
transition from SI to HCCI mode, and vice-versa to begin 
combustion mode transition from HCCI to SI mode. The 
first cam profile switching device may switch a normalized 
valve maximum lift of the cold intake valve from approxi- 
mately 1 to approximately 0.3-0.7, the second cam pro- 
file switching device may switch a normalized valve maxi- 
mum lift of the hot intake valve from approximately less 
than 0.2 to approximately 0.8-0.95, and the third cam 
profile switching device may switch a normalized valve 
maximum lift of the exhaust valves from approximately 1 
to approximately 0.8-0.95, for combustion mode transi- 
tion from SI to HCCI mode, and vice-versa for combustion 
mode transition from HCCI to SI mode. 

[0023] For the system described above, the second cam profile 
switching device may switch a valve opening time of the 
hot intake valve from approximately -35-0 cad to ap- 
proximately -60-25 cad at top dead center to begin com- 



bustion mode transition from SI to HCCI mode, and vice- 
versa to begin combustion mode transition from HCCI to 
SI mode. The first cam profile switching device may switch 
a valve opening time of the cold intake valve from ap- 
proximately 0-15 cad to approximately -50-0 cad at top 
dead center, the second cam profile switching device may 
switch a valve opening time of the hot intake valve from 
approximately -60-25 cad to approximately -35-0 cad at 
top dead center, and the third cam profile switching de- 
vice may switch a valve opening time of the exhaust valves 
from approximately 50-70 cad to approximately 40-60 
cad at bottom dead center, for combustion mode transi- 
tion from SI to HCCI mode, and vice-versa for combustion 
mode transition from HCCI to SI mode. 
[0024] For the system described above, the second cam profile 
switching device may switch a valve closing time of the 
hot intake valve from approximately 25-45 cad to ap- 
proximately 0-25 cad at bottom dead center to begin 
combustion mode transition from SI to HCCI mode, and 
vice-versa to begin combustion mode transition from 
HCCI to SI mode. The first cam profile switching device 
may switch a valve closing time of the cold intake valve 
from approximately 95-125 cad to approximately 25-45 



cad at bottom dead center, the second cam profile switch- 
ing device may switch a valve closing time of the hot in- 
take valve from approximately 0-25 cad to approximately 
25-45 cad at bottom dead center, and the third cam pro- 
file switching device may switch a valve closing time of 
the exhaust valves from approximately 0-20 cad to ap- 
proximately -35-0 cad at top dead center, for combustion 
mode transition from SI to HCCI mode, and vice-versa for 
combustion mode transition from HCCI to SI mode. 
[0025] The invention yet further provides a method of combus- 
tion mode transition in a dual-mode homogeneous charge 
compression ignition (HCCI) operable in SI and HCCI 
modes. The method may include the steps of providing an 
intake/exhaust system including at least one cylinder in- 
cluding at least one intake valve and at least one exhaust 
valve, at least one cam profile switching device operatively 
connected to at least one of the intake and exhaust 
valves, at least one cold-air duct connected to the cylinder 
for supplying cold air to the cylinder upon opening of the 
intake valve and a cold-air throttle, at least one hot-air 
duct connected to the cylinder for supplying heated air to 
the cylinder upon opening of the intake valve and a hot- 
air throttle, and at least one check valve connected be- 



tween the cold and hot-air ducts for permitting flow of air 
between the ducts. The method may further include the 
step of operating the cold-air and hot-air throttles, and 
the check valve to control temperature and flow of air 
supplied to the cylinder. 
[0026] The invention yet further provides an intake/exhaust sys- 
tem for a dual-mode homogeneous charge compression 
ignition (HCCI) engine operable in SI and HCCI modes. The 
system may include a source for supplying air to the en- 
gine, a coolant heat exchanger for cooling air from the 
source, the cooled air being supplied to an exhaust heat 
exchanger, and a camless valve actuator for controlling at 
least one hot and at least one cold intake valve. The sys- 
tem may further include at least one control valve for con- 
trolling air through the exhaust heat exchanger and the 
source to supply heated air via a hot intake manifold di- 
rectly to at least one cylinder upon opening of the hot in- 
take valve, and a cold intake manifold for directly supply- 
ing air from the source to the cylinder upon opening of 
the cold intake valve so as to supply air at a first tempera- 
ture to the engine for operation in SI mode and air at a 
second temperature to the engine for operation in HCCI 
mode. 



[0027] The invention further provides a method of combustion 
mode transition in a dual-mode homogeneous charge 
compression ignition (HCCI) engine operable in SI and 
HCCI modes. The method may include the steps of sup- 
plying air to the engine by a source, cooling the supplied 
air by a coolant heat exchanger, supplying the cooled air 
to an exhaust heat exchanger, and controlling at least one 
hot and at least one cold intake valve by a camless valve 
actuator. The method may further include controlling air 
through the exhaust heat exchanger and the source by at 
least one control valve to supply heated air via a hot in- 
take manifold directly to at least one cylinder upon open- 
ing of the hot intake valve, and supplying air from the 
source to the cylinder via a cold intake manifold upon 
opening of the cold intake valve so as to supply air at a 
first temperature to the engine for operation in SI mode 
and air at a second temperature to the engine for opera- 
tion in HCCI mode. 

[0028] For the method described above, for operation in SI mode, 
the method may further include closing the hot intake 
valve. For operation in HCCI mode, the method may fur- 
ther include closing the cold intake valve. Lastly, for tran- 
sition from SI to HCCI mode and vice-versa, the method 



may further include adjusting valve timings of the cold 
and hot intake valves to obtain a required temperature for 
operation in SI or HCCI mode. 
[0029] Additional features, advantages, and embodiments of the 
invention may be set forth or apparent from consideration 
of the following detailed description, drawings, and 
claims. Moreover, it is to be understood that both the 
foregoing summary of the invention and the following de- 
tailed description are exemplary and intended to provide 
further explanation without limiting the scope of the in- 
vention as claimed. 
Brief Description of Drawings 

[0030] jhe accompanying drawings, which are included to pro- 
vide a further understanding of the invention and are in- 
corporated in and constitute a part of this specification, 
illustrate preferred embodiments of the invention and to- 
gether with the detail description serve to explain the 
principles of the invention. In the drawings: 

[0031] pig. 1 is a schematic diagram of a first embodiment of an 
intake and exhaust system according to the present in- 
vention, illustrating exhaust valve lifts in SI (solid lines) 
and HCCI (dashed lines) combustion modes; 

[0032] pig. 2 is a schematic diagram of the relationship between 



intake valve closing (IVC) timing and engine geometric 
compression ratio (Later IVC corresponds to longer intake 
cam event length); 
[0033] pig. 3 is a schematic diagram of the relationship between 
valve overlap, engine compression ratio, and intake air 
temperature; 

[0034] pig. 4 is a schematic diagram of a second embodiment of 
the present invention of intake and exhaust valve lift 
curves in HCCI mode with negative valve overlap; 

[0035] Figs. 5(a) - 5(c) are a diagram of cam profile switching, 
valve lift curves, and table for valve timings, respectively, 
for the second embodiment of the present invention; 

[0036] Figs. 6(a) - 6(c) are schematic diagrams of the hot/cold air 
throttles for the second embodiment and the mode tran- 
sition steps from SI to HCCI; 

[0037] Figs. 7(a) - 7(b) are schematic diagrams of the hot/cold 
air throttles for the second embodiment and the mode 
transition steps from HCCI to SI; 

[0038] Figs. 8(a) - 8(c) are a diagram of a third embodiment of 
the present invention for cam profile switching, valve lift 
curves, and table for valve timings, respectively; 

[0039] Figs. 9(a) - 9(d) are schematic diagrams of the hot/cold 

air throttles for the third embodiment and the mode tran- 



sition steps from SI to HCCI; 

[0040] pigs. 10(a) - 10(d) are schematic diagrams of the hot/cold 
air throttles for the third embodiment and the mode tran- 
sition steps from HCCI to SI; 

[0041] pig. 11 is a schematic diagram of a related-art system for 
controlling the homogeneity of an air/fuel mixture by us- 
ing a three-way valve to mix fresh intake air with pre- 
heated air from both a coolant/air and exhaust/air heat 
exchanger before introduction into the engine; 

[0042] Fig. 12 is a schematic diagram of a system according to a 
fourth embodiment of the present invention for control- 
ling the homogeneity of an air/fuel mixture; 

[0043] Fig. 13 is a schematic diagram of a linear oscillator for 
camless valve actuation according to the fourth embodi- 
ment of the present invention; 

[0044] Fig. 14 is a schematic diagram of a lever oscillator for 

camless valve actuation according to the fourth embodi- 
ment of the present invention; 

[0045] Figs. 15(a) - 15(d) are schematic diagrams of exemplary 
valve timing selections according to the fourth embodi- 
ment of the present invention; and 

[0046] Fig. 16 is a combustion mode switching flowchart accord- 
ing to the fourth embodiment of the present invention. 



Detailed Description 

[0047] Referring now to the drawings wherein like reference nu- 
merals designate corresponding parts throughout the 
several views, Figs. 1-16 illustrate components and 
schematic diagrams for an intake/exhaust system accord- 
ing to the present invention, generally designated 10. 

[0048] Referring to Figs. 1-3, a first embodiment of intake/ex- 
haust system 10 is disclosed. For the embodiment of Figs. 
1-3, generally, there is described an HCCI-SI dual-mode 
engine system with a geometric compression ratio of ap- 
proximately 15:1, which is higher than those of conven- 
tional SI engines. In order to operate an engine in both 
HCCI and SI modes, to achieve HCCI-SI combustion mode 
transition, and to operate an engine at high load (~10 bar 
BMEP), the proposed engine system according to the 
present invention has the following features discussed 
herein in reference to Figs. 1-3. 

[0049] As illustrated in Fig. 1, there are disclosed proposed en- 
gine intake and exhaust valve timings and lifts according 
to the present invention. The valve lift profiles illustrated 
in Fig. 1 allow the use of cam profile switching as one of 
the major means to change the combustion mode be- 
tween HCCI and SI by allowing the use of high engine ge- 



ometric compression ratio. In the embodiments discussed 
herein, the cam profile switching devices may for example 
be a switching device such as a "roller-roller two-step fin- 
ger follower." The valve lift profiles illustrated in Fig. 1 
also improve the performance of an engine in both HCCI 
and SI modes. The valve timings illustrated in Fig. 2 and 
lifts illustrated in Fig. 1 have the characteristics discussed 
below, which are different from typical engines, including 
currently available HCCI engines. 

[0050] | n si mode, as illustrated in Fig. 1, exhaust valve lift curve 
12 may be fixed and be similar to that of a conventional SI 
engine. The intake cam event length may also be fixed, 
but is extended to about 280 to 320 cad for the present 
invention, (for a conventional SI engine, intake event 
length is approximately 240 cad). With the fixed intake 
cam event length of about 280 to 320 cad, the intake 
valve close time may be retarded to a fixed crank angle 
position, at 90 to 120 cad after bottom dead center (BDC), 
(for a conventional SI engine, intake valve close time is 
generally 50 to 70 cad after BDC). 

[0051] For Fig. 1, solid lines 12, 14 respectively represent ex- 
haust and intake valve lifts in SI combustion mode and 
dashed lines 13, 15 respectively represent exhaust and 



intake valve lifts in HCCI combustion mode. According to 
the proposed valve timings and lifts for the present inven- 
tion, since the dashed lines for the HCCI combustion 
mode in Fig. I are under the solid lines for the SI combus- 
tion mode, cam profile switching may be used as dis- 
cussed below. 

[0052] As illustrated in Fig. 2, the design of the intake valve close 
time and the intake cam event length depends on the ge- 
ometric compression ratio of the engine. It should be 
noted that the purpose of retarding the intake valve clos- 
ing time is to reduce the effective compression ratio of 
the engine to avoid knocking in SI mode, not to control 
the autoignition event. 

[0053] According to the present invention, a cam profile may be 
designed such that an engine preferably operates in HCCI 
mode for engine speeds below 4000 rpm, (in SI mode, the 
maximum engine speed may be about 6000 rpm). As a 
result, the exhaust valve opening time and intake valve 
closing time in HCCI mode are designed to be closer to 
BDC. Specifically, the cam profile may be designed such 
that the exhaust valve opening time may be retarded to a 
fixed crank angle position, at 20 to 40 cad before BDC, 
(for a conventional IC engine, exhaust valve opening time 



is at 40 to 60 cad before BDC). Further, the intake valve 
closing time may be advanced to a fixed crank angle posi- 
tion, at 20 to 40 cad after BDC, (for a conventional IC en- 
gine, intake valve closing time is at 50 to 70 cad after 
BDC). The advanced intake valve closing time at low en- 
gine speeds increases the effective compression ratio to 
promote HCCI autoignition. In HCCI mode, the aforemen- 
tioned cam profile specifications at engine speeds below 
4000 rpm enable valves to open and close faster than 
those in conventional engines at the same engine speed. 
These specifications are permissible because for a con- 
ventional SI engine cam design, the valve acceleration and 
valve seating speeds at the maximum engine speed of ap- 
proximately 6000 rpm are constrained by the valve 
springs and noise. Thus, the maximum lifts of cams for 
operation in HCCI mode can remain high. 
[0054] According to the present invention, for operation in HCCI 
mode, the exhaust and intake valve closing times may be 
designed at fixed crank angle positions such that the ex- 
haust and intake events have no overlap or even have a 
small gap (i.e. negative valve overlap) of less than about 
50 cad. The use of a small negative valve overlap in- 
creases hot residuals in the cylinder to facilitate HCCI au- 



toignition. In some HCCI engines, the gap between the 
exhaust and intake events using a negative valve overlap 
may be larger than 60 cad. This is because HCCI engines, 
in which a negative valve overlap is used, rely fully on 
trapping hot residuals for autoignition. In contrast, the 
present invention uses the method discussed in U.S. 
Patent No. 6,295,973 for fast intake air temperature con- 
trol to promote autoignition. Trapping hot residuals for 
the present invention provides a means for assisting au- 
toignition at light loads, hence a small gap may be used 
between valve events, or alternatively, no gap may be 
used. 

[0055] For the present invention, as shown in Fig. 3, there is dis- 
closed the relationship between the valve overlap, com- 
pression ratio, and the required intake air temperature for 
HCCI autoignition. There is further illustrated the recom- 
mended range of valve overlap for different engines. To 
minimize any potential engine pumping loss, the gap of 
valve events may be symmetric to TDC, i.e., the crank an- 
gles from exhaust valve overlap to TDC and the crank an- 
gles from TDC to intake valve overlap are equal. 

[0056] | n order to switch between HCCI and SI modes and to con- 
trol HCCI autoignition timing, the present invention pro- 



vides for the control of intake air temperature, as dis- 
cussed in detail in U.S. Patent No. 6,295,973. Briefly, ac- 
cording to the present invention, intake air temperature 
may be controlled by using the waste thermal energy in 
the coolant and exhaust gases to heat the intake air and 
control the intake air temperature by mixing the heated 
and un-heated air streams with different mass ratios of 
the two air streams, as discussed in detail in U.S. Patent 
No. 6,295,973. Lastly, in order to compensate for loss of 
volumetric efficiency, intake air pressure may be boosted 
at high load. 

[0057] The second embodiment of the present invention, which 
addresses heterogeneity of in-cylinder temperature, will 
be discussed in detail below in reference to Figs. 4-7. 

[0058] with regard to the second embodiment, in HCCI mode, an 
intake system can promote heterogeneity of the in- 
cylinder temperature distribution, hence reducing the 
overall combustion rate for a cylinder. During HCCI-SI 
combustion mode transition at engine speeds below 3000 
rpm, an intake system can promptly change the air-fuel 
charge temperature, the residuals ratio, the intake pres- 
sure, as well as the effective compression ratio (intake 
valve closing time). In SI mode at high engine speeds up 



to 6000 rpm, an intake system can use all (two or more) 
intake valves per cylinder to achieve high volumetric effi- 
ciency, and can operate with boosted intake pressure. For 
the present invention, it is also desirable to switch the 
combustion mode in different cylinders at different times 
to achieve a smooth transition. 

[0059] Based upon the aforementioned factors, the basic ap- 
proach for promoting heterogeneity of in-cylinder tem- 
perature according to the second embodiment is to con- 
trol the flow of unheated (cold) air and heated (hot) air 
into a cylinder via different intake valves. Furthermore, for 
the second embodiment, the valve lift curve for the cold 
intake valve is preferably different than the lift curve for 
the hot intake valve. 

[0060] As shown in Fig. 4, in HCCI mode, valve lift curve 20 for 
the cold intake air has a smaller maximum lift with a re- 
tarded phase compared with valve lift curve 22 for the hot 
intake valve. Moreover, valve lift curves 20, 22 include a 
negative valve overlap to trap more hot residuals. Alterna- 
tively, a large valve overlap (not shown) may be used to 
increase the residuals ratio. 

[0061] The cold intake valve lift curve and its phase may be de- 
signed such that the intake pressure of cold air in HCCI 



mode is similar to the intake pressure in SI mode at 
medium loads, at which the combustion mode is switched, 
such that the adjustment of the intake pressure during 
HCCI-SI combustion mode transition can be smaller. Since 
retardation of the cold valve lift curve would delay the 
time for cold air to enter into a cylinder, mixing of cold air 
with hot air and the residuals in the cylinder can be mini- 
mized. At light loads, the intake pressure for cold air may 
further be reduced by throttling to increase the overall 
fuel-air charge temperature. 
[0062] For HCCI-SI combustion mode transition, intake/exhaust 
system 10 according to the second embodiment uses cam 
profile switching devices, electric throttles (valves) and 
check valves. Specifically, the embodiment illustrated in 
Fig. 5(a) uses one cam profile switching device 23 per 
cylinder 28 for exhaust valves 27 and one cam profile 
switching device 25 per cylinder for cold intake valve 24. 
As illustrated in Fig. 5(b), lift curve 29 for hot intake valve 
26 may be fixed. Lift curves 31, 33 for cold intake valve 
24 may be switched by cam profile switching device 25 
such that, as shown in the valve timing table for Fig. 5(c), 
the event length, normalized valve maximum life, valve 
opening timing and valve closing timing for intake valve 



24 are switched during combustion mode transition. It is 
noted that lift curves 31, 33 respectively correspond to 
the "outer" and "inner" lift profiles for cold intake valve 24 
for the table for Fig. 5(c). Furthermore, lift curves 30, 32 
for exhaust valves 27 may be switched by cam profile 
switching device 23 such that, as also shown in the valve 
timing table for Fig. 5(c), the event length, normalized 
valve maximum life, valve opening timing and valve clos- 
ing timing for exhaust valves 27 are switched during 
combustion mode transition. Lift curves 30, 32 respec- 
tively correspond to the "outer" and "inner" lift profiles for 
exhaust valves 27 for the table for Fig. 5(c). 
[0063] As shown in Figs. 6(a) - 6(c), the arrangement of the in- 
take system with electric and check valves according to 
the second embodiment of the present invention is 
shown. Specifically, Figs. 6(a) - 6(c) illustrate the steps for 
combustion mode transition from SI to HCCI mode. At the 
first step for Fig. 6(a), in SI mode, both intake valves 24, 
26 may be open for the cold air to flow into cylinder 28 by 
means of throttle 34, and check valve 38 being positioned 
as shown to have a high volumetric efficiency. Before the 
start of combustion mode transition from SI to HCCI, hot- 
air throttle 36 may open first as illustrated in Fig. 6(b). 



The delay time from the opening of hot-air throttle 36 to 
the time of cam profile switching for Fig. 6(c) is provided 
for the low-temperature air, if any, present in hot intake 
duct 40 to flow into cylinder 28. This delay time can be 
controlled by temperature measurement in hot intake duct 
40. Thereafter, referring to Figs. 5(b), 5(c), 6(b) and 6(c), 
the switching of cam profiles for cold intake valve 24 from 
lift curve 31 to lift curve 33 and the switching of cam pro- 
files for exhaust valves 27 from lift curve 30 to lift curve 
32 changes the combustion mode from SI to HCCI mode. 
After cam profile switching, check valve 38 may be closed 
automatically as shown in Fig. 6(c) because of the lower 
pressure in cold intake duct 42 due to throttling by cold- 
air throttle 34 to control the overall air-fuel charge tem- 
perature, thus completing combustion mode transition 
from SI to HCCI mode. 
[0064] Referring next to Figs. 7(a) and 7(b), the steps for HCCI to 
SI mode transition are shown. As shown in Figs. 7(a) and 
7(b), for transition from HCCI to SI mode, with cold-air 
throttle 34 already open, hot-air throttle 36 may be 
closed and check valve 38 simultaneously opened. As dis- 
cussed above for transition from SI to HCCI modes, refer- 
ring to Figs. 5(b), 5(c), 6(b) and 6(c), the switching of cam 



profiles for cold intake valve 24 from lift curve 33 to lift 
curve 31 and the switching of cam profiles for exhaust 
valves 27 from lift curve 32 to lift curve 30 changes the 
combustion mode from HCCI to SI mode. 

[0065] The third embodiment of the present invention, which 
provides for further improvement in control of the com- 
bustion mode transition, will be discussed in detail below 
in reference to Figs. 8-10. 

[0066] Referring to Fig. 8(a), in order to improve the control of 
the combustion mode transition process, the third em- 
bodiment of the present invention uses two cam profile 
switching devices 35, 37 per cylinder for both cold and 
hot intake valves 24, 26, respectively, and a single cam 
profile switching device 23 for exhaust valves 27. For ex- 
ample, whereas the second embodiment for Fig. 5(a) uses 
a single cam profile switching device 25 for cold intake 
valve 24, the third embodiment of Fig. 8(a) uses two cam 
profile switching devices 35, 37 per cylinder for cold and 
hot intake valves, 24, 26, respectively. One advantage of 
using two cam profile switching devices is that the change 
of the throttle angle may be decreased without jeopardiz- 
ing engine performance. 

[0067] Specifically, lift curves 43, 44 for cold intake valve 24 may 



be switched by cam profile switching device 35 such that, 
as shown in the valve timing table for Fig. 8(c), the event 
length, normalized valve maximum life, valve opening 
timing and valve closing timing for cold intake valve 24 
are switched during combustion mode transition. It is 
noted that lift curves 43, 44 respectively correspond to 
the "outer" and "inner" lift profiles for cold intake valve 24 
for the table for Fig. 8(c). Likewise, lift curves 45, 46 for 
hot intake valve 26 may be switched by cam profile 
switching device 37 such that, as shown in the valve tim- 
ing table for Fig. 8(c), the event length, normalized valve 
maximum life, valve opening timing and valve closing 
timing for hot intake valve 26 are switched during com- 
bustion mode transition. Lift curves 45, 46 respectively 
correspond to the "outer" and "inner" lift profiles for hot 
intake valve 26 for the table for Fig. 8(c). Furthermore, lift 
curves 47, 48 for exhaust valves 27 may be switched by 
cam profile switching device 23 such that, as also shown 
in the valve timing table for Fig. 8(c), the event length, 
normalized valve maximum life, valve opening timing and 
valve closing timing for exhaust valves 27 are switched 
during combustion mode transition. Lift curves 47, 48 re- 
spectively correspond to the "outer" and "inner" lift pro- 



files for exhaust valves 27 for the table for Fig. 8(c). 
[0068] For the third embodiment of the present invention, Figs. 
9(a) - 9(d) show arrangements of intake system 10 with 
electric throttles (valves) and check valves. Figs. 9(a) - 9(d) 
also show the steps for combustion mode transition from 
SI to HCCI mode. Specifically, for Figs. 9(a) - 9(b), in SI 
mode, before the start of combustion mode transition 
from SI to HCCI, the cam profile for hot intake valve 26 
may first be switched to the inner (lower) profile. Specifi- 
cally, referring to Figs. 8(b), 8(c), 9(a) and 9(b), the cam 
profiles for hot intake valve 26 may be switched from lift 
curve 45 to lift curve 46. The low cam profile essentially 
closes valve 26 and stops cold intake air from flowing 
therethrough. This change is acceptable for SI operation 
at lower speed (< 3000 rpm) and medium-low loads, at 
which volumetric efficiency is not as important as at 
higher speeds. Thereafter, as shown in Fig. 9(c), hot-air 
throttle 36 may be open, allowing low temperature air, if 
any, in hot air duct 40 to flow slowly into cylinder 28. 
Check valve 38 may automatically close due to the pres- 
sure increase in hot intake duct 40. Finally, as shown in 
Fig. 9(d), after hot intake duct 40 is filled with hot air, the 
three cam profile switching devices 23, 35 and 37 may 



switch the cam profiles simultaneously for all the valves, 
and the engine may be switched to HCCI mode. Specifi- 
cally, referring to Figs. 8(b), 8(c), 9(c) and 9(d), the cam 
profiles for valves 24, 26 and 27 may be respectively 
switched from lift curves 43, 46 and 47 to lift curves 44, 
45 and 48. 

[0069] As shown next in Figs. 10(a) - 10(d), combustion mode 
transition from HCCI to SI is illustrated in a reversed pro- 
cess. Specifically, as shown in Figs. 10(a) and 10(b), the 
combustion mode may be switched from HCCI to SI by 
cam profile switching. Referring to Figs. 8(b), 8(c), 10(a) 
and 10(b), the cam profiles for valves 24, 26 and 27 may 
be respectively switched from lift curves 44, 45 and 48 to 
lift curves 43, 46 and 47. After switching however, the 
system status would be suitable only for SI operation at 
low-speed and medium-low loads, since only one intake 
valve (cold intake valve 24) essentially opens. As shown 
next in Fig. 10(c), hot-air throttle 36 may be closed for 
preparation of using hot intake valve 26 for the cold air. 
Lastly, as shown in Fig. 10(d), the cam profile for hot in- 
take valve 26 may be switched again to open hot intake 
valve 26 to allow cold air to flow into cylinder 28. Specifi- 
cally, referring to Figs. 8(b), 8(c), 10(c) and 10(d), the cam 



profiles for hot intake valve 26 may be switched from lift 
curve 46 to lift curve 45. 
[0070] For the second and third embodiments discussed herein, 
only one cold-air throttle is preferably used for a multi- 
cylinder engine. However, more than one hot-air throttle 
may be used for providing a smoother combustion mode 
transition since the cylinders can be controlled indepen- 
dently to switch the combustion mode of certain cylinders 
at certain time. 

[0071] The fourth embodiment of the present invention, which 
provides for further improvement in promoting hetero- 
geneity of the in-cylinder temperature distribution, will be 
discussed in detail below in reference to Figs. 11-16. 

[0072] as discussed above, in addition to promoting heterogene- 
ity of the in-cylinder temperature distribution for the sec- 
ond and third embodiments, the fourth embodiment fur- 
ther promotes maintenance of a homogeneous air/fuel 
mixture so as to promote spontaneous HCCI combustion. 
For example, if the temperature in a cylinder is too high, 
radicals in the air/fuel mixture can autoignite too early, 
creating excessive peak pressures, poor efficiency and 
other issues (i.e. engine damage etc.). If the temperature 
is too low, radicals in the air/fuel mixture may not com- 



bust at all, creating a misfire condition unless a spark is 
present to salvage the combustion event. Moreover, the 
required temperature for autoignition varies with engine 
condition (i.e. speed, load, EGR, A/F ratio etc.). 

[0073] As shown in Fig. 11, in a related-art system shown, ho- 
mogeneity of an air/fuel mixture is controlled by three- 
way valve 50 for mixing fresh intake air with preheated air 
from both a coolant/air 52 and exhaust/air heat ex- 
changer 54 before introduction into the engine. The sys- 
tem of Fig. 11 allows temperature control within a desired 
range during steady-state operation (roughly 30-180° C). 
However, three-way valve 50 has a relatively slow re- 
sponse time that prevents adequate control during rapidly 
changing engine operating conditions. The maximum 
temperature change rate is limited by the significant ther- 
mal mass (i.e. arrows A in Fig. 11) located downstream of 
three-way valve 50, which creates transient control issues. 
Moreover, intake manifold packaging requirements may 
create thermal differences between cylinders (i.e. distant 
cylinders may receive cooler charge than nearest ones), 
which tends to hinder the individual control of intake 
temperature for each cylinder. 

[0074] | n order to overcome the aforementioned drawbacks of 



the related-art system of Fig. 11, as shown in Fig. 12, the 
fourth embodiment of the present invention combines 
camless technology with bifurcated intake manifold 58, 
and uses camless actuators to perform both intake flow 
and temperature control functions, thus eliminating the 
need for a three-way valve. Bifurcated intake manifold 58 
includes one manifold 60 for supplying cool air (i.e. air at 
30°C) to cold intake valve 24 and a second manifold 62 
for supplying hot air (i.e. air at 180°C) to hot intake valve 
26. 

[0075] The aforementioned camless actuators and associated 
technology are disclosed in detail in U.S. Patent Applica- 
tion No. 10/248,665, which is co-owned by the Assignee 
herein and incorporated in its entirety by reference. In the 
embodiment of Fig. 12, camless valve actuators allow to- 
tally independent control of each valve by mounting a 
solenoid directly to the valve. The camless valve actuators 
utilized with the embodiment of Fig. 12 may be a linear 
oscillator or lever oscillator type of structure shown in 
Figs. 13 and 14. 

[0076] The fourth embodiment is advantageous over the afore- 
mentioned system for Fig. 11 in that camless actuators al- 
low highly accurate cycle resolved intake temperature 



control (roughly 30-180° C) during all engine operating 
conditions (steady state and transient). Intake/exhaust 
system 10 of Fig. 12 further allows for combustion moni- 
toring devices (i.e., cylinder pressure, exhaust temp, spark 
ionization etc.) to be used to closely control the intake 
temperature in each cylinder 28 independently by appro- 
priate feedback to the Camless strategy (i.e. optimize 
HCCI combustion in each cylinder), and allow for the elim- 
ination of undesired thermal mass effects for most oper- 
ating conditions due to one intake valve having a cool 
ambient air supply at all times (i.e. on/off valve 56 allows 
full 4-valve operation for full-load operation with about Vi 
of previous design thermal mass). Intake/exhaust system 
10 of Fig. 12 yet further allows for the effective control/ 
feedback of trapped air charge temperature, which allows 
extension of the HCCI mode for a greater range of operat- 
ing speeds and loads. 
[0077] The method according to the fourth embodiment com- 
bines camless technology with a bifurcated intake mani- 
fold to realize the benefits of HCCI combustion, since 
camless technology provides flexibility in valve timing. 
Thus by selecting these timings appropriately, engine op- 
eration can be optimized for all conditions so as to mini- 



mize pumping work (i.e. late or early intake valve closing), 
manage internal EGR with overlap control (i.e. intake 
opening and exhaust closing), vary effective compression 
and expansion ratio (i.e. intake valve closing, exhaust 
valve opening), control swirl (i.e. only one intake valve 
opening), and maximize full load performance (i.e. opti- 
mal valve timings for volumetric efficiency). 

[0078] The system of Fig. 12 simplifies the intake air heating de- 
vice required for HCCI combustion by having the existing 
camless valve actuators perform the hot/cold air mixing 
process. Thus, instead of incorporating an upstream 
three-way mixing valve and associated plumbing along 
with its undesired thermal inertia as shown in Fig. 11, the 
system of Fig. 12 effectively integrates both air handling 
and air temperature functions into the existing camless 
valve actuator strategy. Moreover, continuous cycle re- 
solved adjustments to the camless valve actuation strat- 
egy allows for precise combustion control. 

[0079] Referring next to Figs. 12, 15(a) - (d) and 16, camless 

valve operation according to the fourth embodiment is il- 
lustrated. For Figs. 15(a) - (d), the designations Primary 
Intake Valve Opening (PIVO) and Primary Intake Valve 
Closing (PIVC) represent valve opening/closing for cold 



intake valve 24, and Secondary Intake Valve Opening 
(SIVO) and Secondary Intake Valve Closing (SIVC) represent 
valve opening/closing for hot intake valve 26. For the hot/ 
cold intake opening/closing strategies illustrated in Figs. 
15(a) - (d), the bifurcated intake of Fig. 12 allows the 
trapped air charge temperature to be directly controlled 
by selection of the SIVC timing such that retarded SIVC 
timing increases trapped charge temperature and ad- 
vanced SIVC timing reduces trapped charge temperature. 

[0080] Referring to Fig. 15(a), for cold operation (i.e. SI opera- 
tion), the valve timing may be provided such that only 
cold (i.e. primary) intake valve 24 opens as shown, and 
hot (i.e. secondary) intake valve 26 remains closed. Refer- 
ring to Figs. 15(b) and 15(c), for warm or warmer opera- 
tion (i.e. transition from SI to HCCI), the valve timing may 
be provided such that cold (i.e. primary) and hot (i.e. sec- 
ondary) intake valves 24, 26 open as shown. Lastly, refer- 
ring to Fig. 15(d), for hot operation (i.e. HCCI operation), 
the valve timing may be provided such that only hot (i.e. 
secondary) intake valve 26 opens as shown, and cold (i.e. 
primary) intake valve 24 remains closed. 

[0081] Those skilled in the art would appreciate in view of this 

disclosure that multiple other temperature control strate- 



gies are possible by varying the four valve timings (PIVO, 
PIVC, SIVC, SIVO). For example, retarding of SIVO has sim- 
ilar temperature effect as advancement of SIVC (i.e. early 
SIVO would maximize time for desired effective mixing). 
Alternatively, PIVO and SIVO may be selected to occur si- 
multaneously, or either one first. Selections of aforemen- 
tioned timings however must account for interactions on 
other important combustion effects (i.e. swirl ratio, 
pumping work, internal EGR, effective CR etc.) 
[0082] Referring next to Fig. 16, there is provided a combustion 
mode switching flowchart according to the fourth embod- 
iment of the present invention. As illustrated in the 
flowchart, in order to obtain proper HCCI combustion for 
a given set of conditions, at step-70, the valve events for 
both secondary (i.e. hot intake valve 26) and primary (i.e. 
cold intake valve 24) valves based on commanded speed, 
load and estimated inlet air temp for HCCI may be esti- 
mated. Thereafter, at step-72, if the event is a single 
combustion event, the combustion phasing may be deter- 
mined at step-74. If the combustion phasing is too late, 
SIVC timing may be retarded at step-76, or alternatively, 
advanced at step-78 if combustion phasing is too early. 
Upon reaching the limit of SIVC retard timing (i.e. step 



80), PIVC timing may be advanced at step 82 or alterna- 
tively retarded at step 84, as needed. If the aforemen- 
tioned combustion phasing is not too late or too early, 
optimal HCCI combustion may be attained according to 
the flowchart. 

[0083] The concepts and principles of the first through fourth 
embodiments of intake/exhaust system 10 may be ap- 
plied in both in-line engines and V-arrangement engines. 
Moreover, it should be noted that the cylinder and valve 
arrangements of Figs. 1-12 are only shown for illustrative 
purposes, and are not intended to limit the application of 
the present invention to a specific engine type or arrange- 
ment. 

[0084] Although particular embodiments of the invention have 
been described in detail herein with reference to the ac- 
companying drawings, it is to be understood that the in- 
vention is not limited to those particular embodiments, 
and that various changes and modifications may be ef- 
fected therein by one skilled in the art without departing 
from the scope or spirit of the invention as defined in the 
appended claims. 



